INTRODUCTION
The COP9 signalosome (CSN) is a conserved protein complex that apparently has evolved in parallel with the ubiquitin-proteasome system. Since its initial discovery in Arabidopsis (Wei et al. 1994) , recent significant progress has been made, using various eukaryotic organisms, toward understanding its structure and function (reviewed by Bech-Otschir et al. 2002 , Chamovitz & Segal 2001 , Schwechheimer & Deng 2001 , Seeger et al. 2001 ). Here we provide a comprehensive summary of CSN and discuss the latest findings from various developmental systems.
CSN, once known as the COP9 complex in Arabidopsis, was originally identified on the basis of an altered light response in loss-of-function mutants (Wei & Deng 1992) . By screening for mutants that exhibit light-grown seedling characteristics in the absence of light signals, a group of cop (constitutively photomorphogenic) and det (de-etiolated ) mutants were isolated. The lethal mutants in this class are allelic to the fusca mutants, which were isolated through a saturation screen for mutants accumulating anthocyanin (purple pigment) in the mature seed coat and embryonic leaves (Misera et al. 1994) . These mutants are now collectively known as the pleiotropic cop/det/fus mutants in Arabidopsis (Schwechheimer & Deng 2001 . Six of the COP/DET/FUS loci encode subunits of the CSN complex. Three other COP/DET/FUS loci, namely COP1, DET1, and COP10, which may act in the proximity of CSN, are briefly discussed in the latter part of this review.
The mammalian CSN complex, also known as the JAB1-containing signalosome, was independently isolated as a co-purifying byproduct of the 26S proteasome (Seeger et al. 1998) or as an ortholog of the Arabidopsis COP9 complex (Wei & Deng 1998 . Complete identification of the CSN subunits from animals and plants revealed the evolutionary conservation of this protein complex and established the link to the 26S proteasome and the eukaryotic translation initiation factor 3 (eIF3). A cross-reference of the historical gene names of CSN subunits is listed in Table 1 (also listed in the web site: http://www.tau.ac.il/lifesci/ botany/USR/chamovitz/csn.html). Herein we use the unified nomenclature of CSN .
THE ARCHITECTURE OF CSN
The Subunit Composition CSN fractionates as a 450-550-kDa complex in gel filtration columns and consists of eight subunits called CSN1 to CSN8; six contain the PCI domain and two the MPN domain (Table 1; Figure 1 ). The subunit composition is conserved in Arabidopsis, humans, murine, and Drosophila. The most conserved subunits are CSN2 and CSN5/Jab1, which are over 60% identical between animal and plant counterparts ( Figure 1a ). In mammals, the CSN7 subunit is encoded by two similar genes, CSN7a and CSN7b ). The AtCSN7 gene in Arabidopsis produces alternative splicing gene products, CSN7i and CSN7ii (Fu et al. 2001) . Additionally, both AtCSN5 and AtCSN6 are encoded by two similar genes in Arabidopsis (Kwok et al. 1998 , Peng et al. 2001a ).
The fission yeast Schizosaccharomyces pombe also contains CSN (Mundt et al. 1999) . However, CSN6 and CSN8 have not been reported, and only one CSN7 ORF has been found. Recently, a CSN-like complex has been described in the budding yeast Saccharomyces cerevisiae (Maytal-Kivity et al. 2002a , Wee et al. 2002 . Apart from the CSN5 ortholog, Rri1, other subunits only have remote similarities to the higher eukaryote CSN subunits such that a direct orthologous relationship can not be drawn with certainty (Table 1) . However, because deletions of most of these genes led to the defect in cullin/CDC53 de-neddylation, a well-defined CSN activity (discussed below), such a functional analogy strongly supports its identity as a CSN-related complex. This complex contains one MPN protein (Rri1/scCSN5), four PCI proteins (CSN9, CSN10/Rri2, CSN11/Pci8, and CSN12), and one protein that contains neither of the domains (CSI1, CSN interactor 1).
PCI and MPN Domains, the Signature of CSN, Proteasome Lid, and eIF3
A characteristic feature of the CSN subunits is the presence of two signature domains known as the PCI/PINT (proteasome, COP9 signalosome, initiation factor 3/Proteasome subunits, Int-6, Nip-1, and TRIP-15) and MPN/MOV34 family (Mpr1-Pad1-N-terminal) domains (Aravind & Ponting 1998 , Ponting et al. 1999 , Hofmann & Bucher 1998 . These two domains are found predominantly among components of three large protein complexes: CSN, the 26S proteasome lid subcomplex, and eukaryotic translation initiation factor 3 (eIF3) (Figure 1) (Glickman et al. 1998 , Hofmann & Bucher 1998 . The 26S proteasome is composed of the 20S catalytic core particle (CP) and the 19S regulatory particle (RP). The lid is a subcomplex of the 19S RP located at the exterior ends of the 26S proteasome, and it is required for degradation of ubiquitinated proteins. eIF3 functions to prevent premature association of 40S and 60S ribosomes, interacts with other initiation factors, and facilitates loading of the 40S subunit onto the ternary eIF2-tRNA-Met-GTP complex. Among these three complexes, CSN exhibits impressive similarities to the proteasome lid, which also has a subunit composed of six PCI and two MPN proteins (Glickman et al. 1998) . The sequence homologies between the two complexes, although strongest in the PCI and MPN regions, extend beyond these two domains. Remarkably, each of the eight CSN subunits share pair-wise homology with a corresponding lid component ( Figure  1 ), suggesting that CSN and the lid may have a common evolutionary ancestor. The eIF3 complex, on the other hand, contains three PCI and two MPN proteins among its 11 components .
Apart from the sequence homologies, components of proteasome and eIF3 often copurify with CSN (Karniol et al. 1998 , Seeger et al. 1998 ). Direct interactions between subunits of the three complexes have also been noted. For example, atCSN1 binds to atRPN6 and eIF3c/NIP1 in yeast two-hybrid assays (Karniol et al. 1998 . Similarly, eIF3e/INT-6 interacts strongly with CSN3, CSN6, CSN7, and weakly with CSN1 and CSN8 (Hoareau Alves et al. 2002 , Yahalom et al. 2001 . Association of eIF3e/INT-6 or eIF3i with the 26S proteasome has also been observed (Dunand-Sauthier et al. 2002 , Hoareau Alves et al. 2002 . In S. cerevisiae, the proteasome lid subunit, RPN5/NAS5, stably associates with scCSN5 (Gavin et al. 2002) . Pci8/CSN11 interacts with the budding yeast eIF3 complex and has been postulated to play a similar role as the eukaryotic eIF3e/INT-6 subunit (Shalev et al. 2001 ). In addition, CSN integrity may influence the structural dynamics of the 19S proteasome regulatory complex in plants (Peng et al. 2001c ). The structural similarity and the interaction between CSN and the proteasome lid have prompted the hypothesis that CSN acts as an alternative lid for the proteasome (Schwechheimer & Deng 2001) .
In several cases, the α-helical-rich PCI domain has been shown to be necessary for interactions between CSN subunits (Freilich et al. 1999 ) and therefore may function as a scaffold in a multiprotein complex assembly. The MPN domain appears to be more ancient and diverse as it has been found independently of PCI complexes and in prokaryotes (Maytal-Kivity et al. 2002b , Ponting et al. 1999 . Recent studies uncovered a metalloprotease motif inside the MPN domain, known as JAMM (Jab1/MPN domain metalloenzyme) or MPN+ motif (Cope et al. 2002 , Maytal-Kivity et al. 2002b , Verma et al. 2002 . This motif apparently constitutes the catalytic center for cleavage of the Nedd8-cullin conjugate by CSN and of ubiquitin-substrate by the proteasome (see below for further details). The JAMM/MPN+ motif is embedded within the large MPN domain in a subset of MPN proteins. For example, CSN5, but not CSN6, of the CSN complex, and RPN11, but not RPN8, of the lid contain a JAMM/MPN+ motif in their MPN domains. The two MPN proteins of the eIF3 complex, eIF3f and eIF3h, do not have the JAMM/MPN+ motif. The function of these non-JAMM/MPN+-type MPN domains remains unclear.
Interactions Between CSN Subunits and the Sub-Complexes of CSN
Electronic microscopy analyses of the purified human CSN and lid complexes showed that they are similar in size, lack any symmetry, and both have a central groove structure (Kapelari et al. 2000) . Unfortunately, no information was provided regarding the topological relations of individual subunits, and a high-resolution crystal structure of CSN is at present not available. Analysis of pair-wise interactions of CSN subunits may provide clues about certain aspects of organization and topological relations of the subunits in the complex. There is evidence suggesting that subunit interaction and organization of the CSN complex is largely conserved. Human CSN1, when expressed in an Arabidopsis null mutant for atCSN1, can integrate into the Arabidopsis CSN complex, although at a low efficiency (Kang et al. 2000) . AtCSN5 can interact with scCSN12 similar to scCSN5-CSN12 interaction in a yeast-two-hybrid assay (Maytal-Kivity et al. 2002a) . We summarize here the reported pair-interactions of various CSN orthologs (Figure 2 ). Those pairs that have been confirmed by two or more independent studies are used to construct a tentative interaction map (Figure 2b) .
Apart from the large holo-complex (450-550 kDa), small complexes containing a subset of CSN subunits have been reported in several systems. A small portion of CSN4 and 7 has been found in fractions of about 250 to 300 kDa that appear to be independent of CSN1 in Arabidopsis (Karniol et al. 1999 , Serino et al. 1999 , X. Wang et al. 2002 or in Drosophila . Similarly, CSN4 and CSN5 are found in lower molecular mass forms of about 300 kDa in the S. pombe csn1 and csn2 mutants (Mundt et al. 2002) . Moreover, a subset of CSNs, including CSN4, -5, -6, -7b, and -8, is found to form a cytoplasmic-localized smaller complex in mammalian cells (Tomoda et al. 2002) . However, the functional relevance of these small CSN complexes is yet to be demonstrated.
Structure and Function Characteristics of CSN1, CSN2, and CSN5/Jab1
CSN1 has an essential role in complex assembly. Complete loss of CSN1 in Arabidopsis abolishes accumulation of CSN8, dissociates CSN5 from the complex, and leads to a significant reduction in the levels of CSN4 and CSN7 (X. . The C-terminal PCI domain as well as the central region immediately (Mundt et al. 1999 ); 2, (Serino et al. 1999 ); 3, ); 4, (Kapelari et al. 2000) ; 5, (Fu et al. 2001); 6, (Freilich et al. 1999 ); 7, (Kwok et al. 1998 ); 8, ; 9, (Karniol et al. 1999 ); 10, (Peng et al. 2001a) . (b) A tentative interaction map illustrating the interactions of the shaded pairs.
upstream of it, are necessary and sufficient for assembly of the complex , X. Wang et al. 2002 . The N-terminal domain fragment as well as the mutant CSN1 proteins that are unable to integrate into the complex have so far failed to accumulate protein products in stable transgenic Arabidopsis despite over-produced mRNA transcripts (X. . This finding, together with the observation that CSN1 was not detected in any of the available csn mutants of Arabidopsis (Kwok et al. 1998) , has led to a conclusion that Arabidopsis CSN1 requires complex assembly to stably accumulate. In transient expression systems or in S. pombe, however, CSN1 can accumulate independently of other subunits.
Transient expression of CSN1 in cultured cells suppresses activation of the JNK pathway and inhibits UV-and serum-induced c-fos expression (Spain et al. 1996 . In this case, the N-terminal domain of CSN1 appears to be necessary and sufficient for repression of UV-and serum-induced c-fos expression and MEKK1-activated AP-1 activity . It remains debatable whether this activity represents a constitutive or dominant-negative activity of the CSN complex. The CSN1 N-terminal domain and CSN6 bind to SCF Rbx1 subunit in yeast-two-hybrid assays (Table 2) . Curiously, the CSN1 N-terminal domain CSN8 eIF3c/NIP1, subunit of translation initiation factor 3 (Karniol et al. 1998 ) COP10, ubiquitin-conjugating enzyme variant (Suzuki et al. 2002) is not required for de-neddylation of atCUL1 and atCUL3 (X. , a major activity of the CSN complex. Nonetheless, functions associated with the CSN1 N-terminal domain are physiologically important because Arabidopsis mutant plants lacking the CSN1 N-terminal domain are not viable, despite assembly of a CSN complex. It is possible that the CSN1 N-terminal domain is required for activities other than de-neddylation or that its binding to Rbx1 affects other aspects of SCF function. CSN2, also known as Trip-15, was isolated as a thyroid hormone receptorinteracting protein from a yeast-two-hybrid screen (Lee et al. 1995) . The original clone isolated from the screen encompassed the N-terminal 233 amino acid region, and a further study in cultured cells used a clone corresponding to the CSN2 Nterminal 300 amino acid region (Dressel et al. 1999) . Presumably, the nuclear hormone receptor-binding site is located at the N-terminal region of CSN2. This region is also required for interaction with CUL1 and CUL2 and is essential in CSN-mediated de-neddylation activity . CSN2 antibodies can block the cullin de-neddylation activity of CSN complex, indicating a necessary role of CSN2 in that activity. Additionally, CSN2 interacts with a transcription factor, ICSBP, involved in interferon-mediated gene expression (Cohen et al. 2000) . Similar to CSN1, CSN2 also contains a PCI domain at its C-terminal region that is necessary and sufficient for its integration into the complex .
CSN5 is by far the most-studied CSN subunit (Chamovitz & Segal 2001) . CSN5, or Jab1, was originally isolated as a c-Jun activation-domain-binding protein, which stabilizes the c-Jun-DNA complex and co-activates with c-Jun transcription (Claret et al. 1996) . Recent studies indicate that CSN5/Jab1 potentially represents the key subunit integrating the multiple functions of the CSN complex. We discuss here the structural relationship of CSN5/Jab1 with respect to the holo-complex. Many functions associated with CSN5/Jab1 are discussed in the next section.
A conserved and distinct feature of CSN5 is the existence of two discrete forms in the cell: a holo-complex associated form and a smaller molecular mass form (the free form) ranging from its monomeric size in Arabidopsis, mammalian cells, and Drosophila (Kwok et al. 1998 to about 200 kDa in fission yeast (Mundt et al. 2002 , Zhou et al. 2001 . In each of the csn mutants of Arabidopsis, CSN5 accumulates only in the free form (Kwok et al. 1998 , X. Wang et al. 2002 . Similarly, in the csn4 mutant of Drosophila, CSN5 is found only in low molecular mass fractions . These data suggest that association of CSN5 with the holo-complex requires each of the PCI-domain-containing proteins in Arabidopsis and perhaps in Drosophila. Ectopic overexpression of epitopetagged CSN5 in cultured cells results in limited incorporation of the protein into the CSN complex. A large fraction of overexpressed CSN5 is found in the free form (Tomoda et al. 2002) . Whereas the CSN-associated CSN5 is mostly nuclear, the free forms appear to be both cytoplasmic and nuclear (Bounpheng et al. 2000 , Kwok et al. 1998 , Tomoda et al. 2002 . Dependence of CSN5 nuclear accumulation on other subunits has been clearly demonstrated in the budding yeast CSN-like complex (Maytal-Kivity et al. 2002a) .
What is the role of CSN5 in complex assembly? In Drosophila csn5 null mutants, CSN4 and CSN7 still form a large protein complex similar to the wild-type cells, indicating that CSN5 is not critical in complex assembly . Thus the multiple-pair interaction between CSN5 and other subunits may largely reflect the necessity of those subunit in keeping CSN5 associated with the complex.
However, CSN5 may affect small sub-complexes of CSN and may also affect CSN8 accumulation in plants . In fission yeast, the role of CSN5 in complex formation seems more significant because it is necessary for the association of CSN4 with CSN2 and with the large holo-complex (Mundt et al. 2002) .
CSN5/Jab1 directly interacts with numerous proteins that appear to be the ultimate targets of CSN (Table 2) . In some cases, including p53, p27, rLHR precursor, and Smad4 (see Table 2 for references), CSN5/Jab binding is found to stimulate protein degradation, whereas in other cases such as HIF1-α and perhaps c-Jun, CSN5/Jab1 binding appears to promote stabilization. A clear picture of how the target binding by CSN5/Jab1 may link to the biochemical activities of the CSN complex has yet to emerge.
THE BIOCHEMICAL ACTIVITY AND CELLULAR FUNCTIONS The Metalloprotease Activity and De-Neddylation of SCF
A major target of CSN is the SCF ubiquitin ligase complex. SCF represents a type of E3 enzyme that catalyzes a key step in ubiquitin conjugation to the target proteins (see Deshaies 1999 for review). A typical SCF complex consists of a cullin family member, CUL1, a small RING-finger protein Rbx1/Roc1/Hrt1 (Rbx1), Skp1, and an F-box protein that recruits the substrate. CSN binds to CUL1 and Rbx1 via CSN2, CSN6, and CSN1's N-terminal domain . Cullin family members can be covalently modified by a ubiquitin-like protein, Nedd8 or Rub1. Like the ubiquitin conjugation pathway, the Nedd8/Rub1 conjugation (neddylation) pathway is catalyzed by an enzymatic cascade involving Nedd8-activating enzymes APP-BP1 and Uba3 (E1) and conjugating enzyme Ubc12 (E2) (Hochstrasser 2000 , Hershko & Ciechanover 1998 . The neddylation pathway is essential in fission yeast, C. elegans, and murine (Osaka et al. 2000 , Tateishi et al. 2001 ) and plays a significant role in plant auxin responses (del Pozo et al. 2002) .
Although only a small fraction of cullins is usually found in the neddylated form, the csn mutants accumulate almost exclusively the neddylated Pcu1 (S. pombe CUL1 ortholog) and atCUL1 ). The hyper-neddylated Pcu1 can be efficiently de-neddylated by a wild-type cell extract or by the CSN complex purified from mammalian sources . Surprisingly, the cleavage of the Nedd8 moiety is not catalyzed by a conventional thiol-protease but instead by a metalloisopeptidase activity centered within the CSN5 subunit (Cope et al. 2002) . CSN5 contains a new type of metalloprotease motif referred to as JAMM (Jab1/MPN domain-associated metalloisopeptidase) or MPN+ motif, which consists of an upstream glutamate followed by His-x-His-x(10)-Asp (Figure 1) . Mutations in the conserved histidine or aspartic acid residues of CSN5 abolish the activity. Similarly, RPN11, the CSN5 paralog in the proteasome lid, contains the same JAMM/MPN+ motif, which constitutes the major de-ubiquitinating activity of the 26S proteasome (Verma et al. 2002 , Yao & Cohen 2002 .
Even though some JAMM/MPN+ proteins exist alone (Maytal-Kivity et al. 2002b) , both CSN5 and RPN11 manifest the metalloisopeptidase activity only when they assemble into the CSN complex or the 26S proteasome, respectively (Cope et al. 2002) . This would allow the metalloprotease activities of CSN5 and RPN11 to be regulated in accordance with other activities of the complex. For example, association of RPN11 activity with the 26S proteasome would ensure that de-ubiquitination is tightly coupled to the proteolysis of a substrate (Verma et al. 2002 , Yao & Cohen 2002 . That CSN5 alone is inactive in de-neddylation is consistent with the fact that null mutants in most other CSN subunits lack the deneddylation activity despite the presence of abundant CSN5 free forms. Because of its dependence on the complex assembly, the CSN5 JAMM/MPN+ motif has not yet been unequivocally shown to be the catalytic center. In fact, CSN2 also plays an essential role in this activity because anti-CSN2 antibody can effectively block CSN-mediated de-neddylation of CUL1 and CUL2 .
The Role in Protein Degradation Through Regulation of SCF Neddylation
Neddylation and de-neddylation of cullins is highly dynamic , Zheng et al. 2002 . Blockage of either reaction in cell extract leads to a drastic imbalance in the cullin neddylation status. Neddylation is required for ubiquitindependent proteolysis of p27 kip1 , IκB, and HIF-1α (Furukawa et al. 2000 , Morimoto et al. 2000 , Ohh et al. 2002 , Podust et al. 2000 , Read et al. 2000 , probably by facilitating substrate poly-ubiquitination and recruitment of E2 to SCF (Kawakami et al. 2001 , Wu et al. 2000 . Accordingly, de-neddylation by CSN should in principle inhibit the SCF activity. Indeed, this has been experimentally confirmed in vitro by examining a SCF SKP2 substrate, cyclin-dependent kinase inhibitor p27 kip1 (p27). Addition of the purified CSN complex to a cell-free p27 ubiquitination system inhibits p27 ubiquitination and degradation in a neddylationdependent manner . Moreover, CSN inhibits CUL4A-containing ubiquitin ligases in vitro (Groisman et al. 2003) . Perplexingly, genetic studies indicate that CSN is necessary for optimal proteolysis of SCF substrates in vivo. showed that degradation of IAA6, a likely substrate of SCF TIR1 in Arabidopsis, is impaired in csn5 antisense/co-suppression lines. In S. cerevisiae, the csn5 mutant exacerbates the growth defect and turnover of Sic1 when combined with a SCF mutant (Cope et al. 2002) . These findings have led to the hypothesis that active cycles of neddylation and de-neddylation are required to sustain the SCF activity toward its target substrates (Cope et al. 2002 .
Recent studies by Zheng et al. (2002) and J. strongly substantiated this hypothesis and provided further insights about how neddylation may THE COP9 SIGNALOSOME 271 regulate SCF assembly and activity. These two groups found that p120 CAND1 or TIP120 (TBP-interacting protein, 120 kDa) (Yogosawa et al. 1996) selectively binds to the de-neddylated or unmodified form of CUL1. Binding of CAND1 triggers dissociation of Skp1 from CUL1, leading to reduced SCF activity and p27 ubiquitination in vitro (Zheng et al. 2002) . However, forced knockdown of CAND1 in cultured cells by siRNA causes a moderate elevation of p27 protein level and a higher affinity of Skp1-Skp2 for CUL1, suggesting that CAND1 is required for optimal activity of SCF in vivo, as is CSN (Zheng et al. 2002 ). It appears that CAND1 knockdown also results in a decreased level of the substrate receptor Skp2, the amount of which is critical for p27 kip1 ubiquitination (Zheng et al. 2002) . The F-box protein Skp2 has been shown to be a ubiquitination and degradation target of SCF's self-ubiquitination activity (Wirbelauer et al. 2000 , Zhou & Howley 1998 , which may be further enhanced by constitutive or hyper-neddylation of CUL1. Indeed, SCF E3 ligases often exhibit strong self-ubiquitination activity in vitro, which might be kept in check in vivo through de-neddylation. To summarize these findings, we tentatively propose a model to illustrate how the dynamic cycles of neddylation and de-neddylation may regulate SCF assembly and activity ( Figure  3 ). In this model, de-neddylation by CSN followed by CAND1 binding triggers dissociation of Skp1-Skp2. This serves to limit the SCF self-ubiquitination in order to maintain sustained activity and also makes the CUL1-Rbx1 core available to other charged Skp1-F-box protein complexes. Re-association of Skp1-F-box proteinsubstrate to CUL1 leads to dissociation of CAND1, which is then followed by neddylation and instant activation of the ubiquitin ligase activity.
There are missing links in this scheme. For example, what triggers re-assembly of SCF, i.e., association of Skp1-Skp2-substrates, to CUL1? How is CSN's deneddylation activity regulated? CSN also de-neddylates CUL2, a core subunit of VHL-elonginB/C-CUL2-Rbx1 ubiquitin ligase complex (CBC VHL or VCB-CR). In this complex, pVHL functions as a substrate recognition component analogous to F-box proteins in SCF complexes. Similar to Skp1-Skp2 with regard to CUL1 neddylation, pVHL has been shown to promote CUL2 neddylation in an elongin B/C-binding-dependent manner (Wada et al. 1999) . However, in contrast to selfubiquitination of F-box proteins when assembled into SCF, pVHL is stabilized by association with elonginB/C in the CBC VHL complex (Kamura et al. 2002 , Schoenfeld et al. 2000 . Therefore, the dynamics and the exact mechanism of neddylation-dependent regulation may differ among various cullin-based E3s. It should be emphasized that CSN and CAND1 may influence other aspects of SCF functions that are necessary for optimal degradation of the SCF substrates in vivo.
The findings that the de-neddylation activity of CSN is evolutionarily conserved, that it acts on multiple cullins, and that CSN components directly interact with common core subunits-Rbx1 and cullins such as CUL1 and CUL2-indicate that CSN is a general regulator of cullin-based E3 ubiquitin ligases. Considering that each of the specific cullin-based E3 ligases controls a number of substrates, CSN potentially influences a tremendous number of cellular regulators that undergo degradation through this pathway. Such activity undoubtedly contributes to the pleiotropic phenotype of csn mutants as demonstrated by the lethality and developmental defect of JAMM motif point mutants of Drosophila (Cope et al. 2002) .
CSN-Associated Protein Kinase Activity and De-ubiquitination Activity
The CSN-associated protein kinase activity was initially described by Seeger et al. (1998) for the CSN complex purified from red blood cells. The CSN preparation was found to phosphorylate c-Jun (Ser63 and Ser73), IκBα, and the NF-κB precursor, p105, as well as tumor suppressor p53 (Ser149, Thr 150, and Thr 155) in vitro (Bech-Otschir et al. 2001 , Seeger et al. 1998 . CSN itself is a target of phosphorylation, since putative phosphorylation forms of a number of subunits have been noted (Henke et al. 1999 ). The kinase activity can be inhibited by curcumin, a dietary pigment with known pleiotropic properties of antioxidation, anti-inflammation, and anticarcinogenesis. In contrast to JNK, which phosphorylates c-Jun at the same sites, the CSN-associated kinase is unable to phosphorylate the N-terminal fragment of c-Jun (1-79), c-Jun (1-226) (Seeger et al. 1998) , or the p53(1-154) fragment (Bech-Otschir et al. 2001) , even though these fragments contain the phosphorylation sites. It has been proposed that the oligomerization domains of c-Jun or p53 are necessary for their phosphorylation by the CSN-associated kinase. Point mutations on one of the p53 phosphorylation sites, p53T155V, leads to a conformation change and reduced affinity for Mdm2, which is accompanied by stabilization of the molecule. Interestingly, curcumin can also induce conformation change and stabilization of p53. These results led to the hypothesis that CSN-mediated phosphorylation targets p53 for degradation by the ubiquitin-26S proteasome system (Bech-Otschir et al. 2001) . CSN phosphorylation of c-Jun, on the other hand, is believed to stabilize the molecule and contribute to the JNK-independent activation of AP-1 (Naumann et al. 1999) . In both cases, CSN5/Jab1, which binds to amino acids 31-57 of c-Jun (Claret et al. 1996 ) and 1-154 of p53 (Bech-Otschir et al. 2001) , is proposed to serve as a substrate docking site. Further mechanistic and in vivo studies would require revelation of the identity of the CSN-associated protein kinase or kinases.
Recent studies on inositol 1,3,4-trisphosphate 5/6-kinase (5/6 kinase) potentially shed some light on this issue. The 5/6 kinase phosphorylates inositol 1,3,4-triphosphate [Ins(1,3,4)P 3 ] to form Ins(1,3,4,5)P 4 and Ins(1,3,4,6)P 4 . The 5/6 kinase is also conserved from plants to humans. This enzyme co-purifies with the entire CSN complex from calf brain (Wilson et al. 2001 ) and directly interacts with the CSN1 subunit. The 5/6 kinase displays substrate spectrum and characteristics similar to the described CSN-associated kinase purified from red blood cells. It phosphorylates c-Jun, IκBα, ATF-2, and p53, but not c-Jun (1-79), and it is inhibited by curcumin (Sun et al. 2002) . Additionally, overexpression of CSN1 inhibits 5/6 kinase activity, which may contribute to CSN1-mediated repression of AP-1. Curiously, overexpression of 5/6 kinase results in elevation of CSN5 levels without affecting the level of the complex (Sun et al. 2002) . These data provide appealing evidence that Ins(1,3,4)P 3 5/6 kinase represents a CSN-associated protein kinase. However, additional protein kinases may associate with CSN (BechOtschir et al. 2002) . CSN is involved in the stress-activated MAP kinase pathway. CSN5/Jab1 activates JNK kinase activity, enhances the c-Jun phosphorylation level (Kleemann et al. 2000) , and also stabilizes the binding of c-Jun to AP-1 sites (Claret et al. 1996) . In agreement, CSN5/Jab1 can potentiate transactivation by a phosphorylation-defective c-Jun mutant (c-Jun A63/73), although less efficiently than the wild-type c-Jun, indicating that it acts by both phosphorylation-dependent and -independent mechanisms (Bianchi et al. 2000) . In addition, transient expression of CSN2 enhances AP-1 activation (Naumann et al. 1999) , whereas CSN1 inhibits it (Spain et al. 1996 ). CSN2 and CSN5/Jab1 have also been shown to have a role in nuclear hormone-mediated gene expression via direct interaction with nuclear receptors such as thyroid hormone receptor and progesterone receptor, and with coactivators such as SRC-1 (Table 2 and references  within) .
Recently, two reports explicitly demonstrated ubiquitin isopeptidase activities associated with CSN (Zhou et al. 2003 , Groisman et al. 2003 . The CSN-associated de-ubiquitination activities can be further divided into an activity that deconjugates ubiquitin from mono-ubiquitinated substrates and an activity to depolymerize the polyubiquitin chains (Groisman et al. 2003) . The former activity requires the metalloprotease domain in CSN5 (Groisman et al. 2003) , suggesting that cleavage of the ubiquitin-or Nedd8-monoconjugates employs similar mechanisms, whereas the latter activity in fission yeast likely resides in Ubp12p that is associated with CSN (Zhou et al. 2003) . Collectively, these findings indicate that CSN has both deneddylation and de-ubiquitination activities either by possessing activities on their own or by selectively recruiting different enzymes under different circumstances. These new findings lend support to a model in which CSN may act as alternative lid of the proteasome (Serino & Deng 2003) .
CSN Function in Cell Cycle and Checkpoint Control
CSN is involved in multiple aspects of cell cycle and checkpoint control. In S. pombe, CSN1 and CSN2, but not other CSN subunits, are required for proper S-phase progression (Mundt et al. 1999) . Further study has revealed that the Sphase delay observed in the csn1 and csn2 mutants is due at least in part to the misregulation of the ribonucleotide reductase (RNR) (Liu et al. 2003) . RNR, a key enzyme in biosynthesis of deoxyribonucleotides necessary for DNA synthesis and DNA repair, is composed of two small subunits (Suc22 in S. pombe) and two large subunits (Cdc22). Activation of RNR involves nuclear export of Suc22, a process inhibited by a small cell cycle inhibitor Spd1 (S-phase delayed) whose level transiently declines in S-phase and in response to DNA damage (Liu et al. 2003) . Deletion of CSN1 leads to Spd1 accumulation owing to a defect in proteolysis. This prevents Suc22 nuclear export and ultimately leads to S-phase delay and DNA damage sensitivity. Indeed, the csn1 phenotype can be suppressed by overexpression of Suc22 or deletion of Spd1, demonstrating that the failure to downregulate Spd1 may account for the slow-growing phenotype of csn1 (Liu et al. 2003) . In mammalian cells, Mahalingam et al. (1998) found that antisense CSN6 (hVIP) can result in cell cycle arrest at the G2/M phase, indicating a necessary function of CSN at these phases.
As discussed above, the cell cycle inhibitor p27 kip1 (p27) is subject to regulation by CSN-mediated de-neddylation through SCF
SKP2
. Microinjection of the purified CSN complex into synchronized G1 cells temporarily blocks the S-phase entry in a de-neddylation-dependent fashion . In addition, CSN5/Jab1 directly binds to p27 and stimulates its nuclear export and subsequent proteolysis (Tomoda et al. 1999) . Overexpression of CSN5/Jab1 in mouse fibroblasts overcomes serum depletion-induced cell cycle arrest (Tomoda et al. 1999) . Thus CSN regulates p27 via at least two mechanisms: de-neddylation and nuclear export. A potential phosphorylation by a CSN-associated protein kinase may possibly add another level of complexity to p27 regulation. Taken together, it appears that either gain or loss of CSN functions can perturb normal cell cycle progression, highlighting a crucial role of CSN in cellular homeostasis.
CSN is involved in checkpoint control. The fission yeast csn1 and csn2 mutants are synthetically lethal when combined with checkpoint pathway mutants such as rad3, chk-1, cds-1, and cdc2.3w and are more sensitive to gamma and UV irradiation (Mundt et al. 1999) . Furthermore, CSN1 deletion constitutively activates Cds1 kinase activity without exogenous DNA damage. Similarly, mutations in Drosophila csn5 cause activation of Mei-41-mediated meiotic DNA damage checkpoint during oogenesis (Doronkin et al. 2002) .
Subcellular Localization of CSN and Its Targets
On the basis of studies from various organisms using antibodies against CSN1, CSN2, and CSN8, which are associated with the complex under normal conditions, the CSN holo-complex is found to be predominantly nuclear-localized (Chamovitz et al. 1996 , Mundt et al. 1999 , Schaefer et al. 1999 , Wei & Deng 1998 . The free CSN5, however, is found in both nuclear and cytoplasmic compartments (Bounpheng et al. 2000 , Kwok et al. 1998 , Maytal-Kivity et al. 2002a . Tomoda et al. (2002) showed that the mini-CSN complex containing CSN5/Jab1 and a subset of other CSN subunits is mostly cytosolic. Increasing evidence indicates that the localization of CSN5 is highly regulated. CSN5/Jab1 contains a nuclear export signal (see Figure 1 ) in amino acids 233-242, and binds to CRM1 through its C-terminal region. Point mutations in the nuclear export signal partially impair the ability of CSN5/Jab1 in nuclear export and downregulation of p27 (Tomoda et al. 2002 ). Another molecule regulating p27 level is proto-oncogene c-erbB2/Her-2/neu, which encodes a growth receptor tyrosine kinase whose overexpression is frequently associated with human cancers. Overexpression of Her-2/neu enhances p27 degradation and stimulates cytoplasmic accumulation of CSN5/Jab1 (Yang et al. 2000) . Redistribution of CSN5/Jab1 to the cytoplasm is also reported in response to contact inhibition (Caballero et al. 2002) . Moreover, CSN5/Jab1 binds to integrin adhesion receptor LFA-1 and co-localizes with it at the cell membrane.
LFA-1 engagement results in nuclear translocation of CSN5/Jab1, which correlates with the elevated AP-1 activity (Bianchi et al. 2000) .
CSN also affects subcellular distribution of other important regulators; for example, nuclear export of p27 and Suc22 (RNR small subunit) are modulated by CSN5 and CSN1, respectively. CSN complex has been noted to have a role in Arabidopsis COP1 nuclear localization. COP1 is a photomorphogenic regulator whose localization is subject to light regulation such that COP1 is nuclear enriched in the dark and predominantly cytoplasmic in the light (von Arnim & Deng 1994) . In the csn mutants, however, COP1 is unable to accumulate in the nucleus (Chamovitz et al. 1996) , suggesting that CSN has a role in COP1 nuclear import or retention.
The Regulation of CSN Activities
Among the limited studies on this subject, macrophage migration inhibitory factor (MIF) has been found as a regulator or inhibitor of CSN5/Jab1 (Kleemann et al. 2000) . MIF, a cytokine, has diverse functions in immunity, the endocrine system, and metabolism. MIF specifically binds to CSN5/Jab1 and inhibits CSN5/Jab1-stimulated AP-1 transcription and JNK activity. It also antagonizes CSN5/Jab1's activity on p27 by increasing p27 stability. Consequently, CSN5/Jab1-mediated rescue of fibroblasts' growth arrest from serum starvation is blocked by MIF (Kleemann et al. 2000) . The mechanism of MIF's inhibition on CSN5/Jab1 is not clear but is of great interest because it may hold a key to the regulation of CSN5 and the CSN complex. Not only can CSN5/Jab1 downregulate p27, recent evidence suggests that p27 may also affect CSN5/Jab1 function. Phosphorylation of p27 at Ser10 is reported to suppress the activities of CSN5/Jab1 by decreasing its level (Chopra et al. 2002) . Furthermore, p27 binding to CSN5/Jab1 is thought to be important for the function of p27 in inhibiting interleukin 2 transcription and the blockage of clonal expansion of anergic T cells (Boussiotis et al. 2000) .
Little is known about how de-neddylation activity and the CSN-associated kinase/de-ubiquitination activities are regulated. Additionally, the link between the diverse cellular functions of CSN5/Jab1 and the biochemical activities of CSN remains to be clearly defined.
THE ROLE OF CSN IN DEVELOPMENT Yeast
In the fission yeast S. pombe, the csn1 and csn2 deletion mutants exhibit cell elongation, slow growth, and sensitivity to UV and gamma irradiation but not hydroxyurea (Mundt et al. 1999 ). As mentioned above, this phenotype is caused at least in part by improper regulation of RNR and Spd1 (Liu et al. 2003) . No obvious phenotype has been detected in csn3, csn4, or csn5 mutants, even though these mutants lack Pcu1 and Pcu3 de-neddylation activity (Mundt et al. 2002 , Zhou et al. 2001 ).
Mutants of the S. cerevisiae CSN-like complex show no abnormal sensitivity to the DNA damage reagents such as UV irradiation and methyl-methane sulfonate (MMS) (Wee et al. 2002) . A subset of those mutants, including csn5, csn9, csn12, but not csn10 and csn11/pic8, display enhanced pheromone response and increased mating efficiency (Maytal-Kivity et al. 2002a ). All reported csn mutants of yeast are viable.
Drosophila and C. elegans Development
In Drosophila, csn mutants are lethal. The null csn4 and csn5 mutants die in early larval stages, while partial loss-of-function mutations in CSN5 survive to late larval and pupal stages (Freilich et al. 1999 , Suh et al. 2002 . The mutants also display a variety of developmental defects during oogenesis and photoreceptor R cell differentiation. In fact, point mutants of csn5 have been identified in a screen for defects in photoreceptor R cell neuronal connections (Suh et al. 2002) . Further studies showed that CSN is required for proper R cell differentiation and to promote lamina glial cell migration or axon targeting. Because expression of the CSN5 JAMM motif point mutants fails to rescue the R cell defects or the lethality of the csn5 NULL mutant (Cope et al. 2002) , CSN5/Jab1-mediated de-neddylation activity clearly contributes to these phenotypes.
CSN has essential functions in oogenesis and embryogenesis. Flies carrying CSN5 germ-line clones laid eggs with a range of abnormal phenotypes (Doronkin et al. 2002 . A characteristic defect of the mutant oocytes is severe disruptions in both anteroposterior and dorsoventral axes formation. This is largely caused by a reduced level of gurken (Grk) proteins in the oocytes. In addition, Doronkin et al. (2002) showed that loss of CSN5 activates a DNA damage checkpoint that is mediated by Mei-41, a member of ATM/ATR family of kinases involved in checkpoint-mediated responses to DNA damage. Intriguingly, the reduced level of Grk l and of other related phenotypes of csn5 can be suppressed by mei-41 or mei-W68 mutations, the latter encoding a homolog of yeast SPO11, which is required to induce DNA double-strand breaks during meiotic recombination. These results strongly indicate that the checkpoint activation underlies the axial patterning defects in csn5 mutants (Doronkin et al. 2002) . It is hypothesized that the csn5 mutation activates a Mei-41-dependent meiotic checkpoint, leading to vasa modification and inhibition of gurken translation.
A crucial function of CSN in oogenesis has also been described in C. elegans. Smith et al. (2002) identified CSN5/Jab1 as an interacting protein with a germ-line DEAD-box family of RNA helicases that share homologies with Drosophila vasa. Knockdown of csn5 by RNAi resulted in a sterile phenotype. The csn5 (RNAi) F1 worms have small gonads that are defective in oogenesis and therefore lack oocytes and embryos but otherwise look surprisingly healthy and behave normally. It was speculated that the level of CSN5 may not be reduced sufficiently by RNAi to cause somatic defects compared with germ-line cells because CSN5 germ-line expression is approximately six times higher than somatic expression (Reinke et al. 2000) .
Plant Development
CSN is involved in many developmental processes in plants. A recent review by Serino & Deng (2003) provides a more thorough discussion on this aspect. In Arabidopsis, mutants corresponding to the six PCI subunits have been isolated. Mutations in CSN5 and CSN6 genes seem to have escaped the original saturation screen for the fusca phenotype (Misera et al. 1994) , presumably due to functional redundancy of the two genes encoding each of the subunits (Kwok et al. 1998 , Peng et al. 2001a ). The Arabidopsis csn mutants can survive embryogenesis, but they die after germination at seedling stage. The mutants are small, exhibit a constitutive light-grown morphology, accumulate a high level of anthocyanin pigment, and display a gene expression profile resembling that of seedlings grown under high-light intensity stress (Ma et al. 2003) . All null csn mutants of Arabidopsis exhibit almost identical lethal phenotypes, which may be explained by structural interdependence of the subunits. In the absence of any of the PCI domain CSN subunits, CSN1 and CSN8 can not stably accumulate, and CSN5 dissociates from the complex (Chamovitz et al. 1996 , Kwok et al. 1998 , X. Wang et al. 2002 , Wei et al. 1994 . Therefore, each of these csn mutants presumably displays a phenotype reflecting a collective loss of a functional complex. This differs from the S. pombe CSN complex, in which CSN1 appears to be stable in csn3, csn4, and csn5, mutants that do not share the slow-growth phenotype as seen in csn1 (Mundt et al. 2002) . Mutants with reduction in the level of individual subunits exhibit a non-identical spectra of abnormalities in adult plants with regard to light and auxin signaling, meristem formation, flower development, and plant defense responses (Peng et al. 2001a,b; X. Wang et al. 2002) . Partial deficiencies in CSN1, 3, or 6 result in abnormal development of flowers and meristems, whereas plants with low levels of CSN5 have healthy and fertile flowers but exhibit loss of apical dominance and other auxin-response defects. It seems that the decrease of the specific subunit, rather than the entire complex, may account for certain aspects of their phenotypes. However, the extent of reduction in the levels and the distinct characteristics of the remaining complex in these weak mutant lines may contribute to the differences of their phenotypes. Together, these results indicate that each subunit has distinct functions even though they work as one structural entity in the cell.
Among the variety of developmental defects observed in csn mutants, recent studies begin to link the CSN to modulation of distinct SCF E3 ligase activity with specific developmental defects (Serino & Deng 2003 . The first such case is the auxin response defects observed in the csn5 antisense/co-suppression strains . CSN directly interacts with SCF TIR1 and influences its activity in mediating auxin responses. It was suggested that the deficiency of CSN5, or CSN complex, hinders proper degradation of the normal physiological targets of SCF
TIR1
, which results in defects in the auxin response in those plants. The second such case is the flower development mediated by UFO, a F-box protein in Arabidopsis. CSN directly interacts with SCF UFO and is necessary for SCF UFO -mediated flower development (Wang et al. 2003) . The third case is the jasmonate-mediated plant defense responses, which are controlled by COI1, another Arabidopsis F-box protein. CSN and SCF COI1 interact, and CSN is required for SCF COI1 function (Feng et al. 2003) . Furthermore, both SCF and CSN appear to have essential roles in N gene-mediated resistance to viral infection in plants (Y. . These studies confirmed and highlighted the general role of CSN in modulating SCF activities in diverse developmental pathways. There are potentially over 700 SCF-type E3 ligases in Arabidopsis (Serino & Deng 2003) . It will be interesting to determine how many SCF ligases are regulated by CSN and how or if CSN confers specificity toward selected SCF ligases.
CSN and Other COP/DET/FUS Gene Products
In Arabidopsis, CSNs belong to the COP/DET/FUS class of genetic loci on the basis of their similar mutant phenotypes. These COP/DET/FUS gene products may act coordinately in mediating repression of photomorphogenesis (Osterlund et al. 1999 . Among this group, COP1 is a RING-finger and WD40 protein conserved between plants and animals (Deng et al. 1992 , Wang et al. 1999 . Its molecular characteristics resemble the RING-finger-type ubiquitin E3 ligases (Pickart 2001) . The fact that COP1 interacts and targets a group of transcription factors for degradation further supports its likely function as an E3 ligase (Holm et al. 2001 (Holm et al. , 2002 Osterlund et al. 2000) . Nevertheless, the ubiquitin ligase activity of COP1 has yet to be demonstrated experimentally. Interestingly, another COP/DET/FUS gene, COP10, encodes a ubiquitin-conjugating enzyme variant (Suzuki et al. 2002) . COP10 also forms a protein complex whose integrity requires CSN. Moreover, COP10 interacts with COP1, as well as with components of CSN in yeast-two-hybrid assays. Arabidopsis DET1 is a nuclear protein whose homolog has also been found in humans (Mustilli et al. 1999 , Pepper et al. 1994 ). DET1 forms a protein complex with DDB1 (damaged DNA-binding protein 1) (Schroeder et al. 2002) and interacts with the non-acetylated N-terminal tail of histone H2B in a nucleosome context (Benvenuto et al. 2002) . Functional and molecular interactions between CSN, COP1, DET1, and COP10 will likely reveal another dimension with regard to the functions of these gene products in modulating cellular processes and developmental programs.
CONCLUDING REMARKS
CSN is a multifunctional protein complex that participates in diverse cellular and developmental processes. Significant progress has been made in recent years concerning CSN5/Jab1, a key subunit in this complex. CSN5/Jab1 contains the metalloprotease motif essential for SCF cullin de-neddylation and directly binds to numerous target proteins. Overexpression of CSN5/Jab1 promotes cell proliferation, enhances AP-1 transcription, and stimulates or inhibits turn over of a number of proteins. It will be a challenge to understand how targeted binding by CSN5/Jab1, its de-neddylation activity, and the associated protein kinase and de-ubiquitination activities of the CSN complex are coordinated and regulated in response to cellular signaling events and developmental programs. Also, genetic studies in fission yeast and Arabidopsis indicate that CSN possesses important functions in addition to metalloprotease-mediated de-neddylation, which involves CSN1 and CSN2. In the next few years, we may witness the unfolding of activities associated with other CSN subunits, the establishment of CSN's role in mammalian development, as well as the mechanistic insights of CSN in DNA repair and DNA damage pathways in transcription, translation, and other fundamental cellular processes. Together these will lead to a better understanding of the role of the CSN complex in development and in human diseases.
